Although it is recognized that pulmonary hysteresis can influence the effects of positive end-expiratory pressure (PEEP), the extent to which expansion of previously opened (vs. newly opening) peripheral airspaces contribute to increased lung volume is unknown. Methods: Following a recruitment maneuver, rats were ventilated with constant tidal volumes and imaged during ascending and descending ramps of PEEP. Results: The authors estimated peripheral airspace dimensions by measuring the apparent diffusion coefficient of 3 He in 10 rats. In a separate group (n = 5) undergoing a similar protocol, the authors used computerized tomography to quantify lung volume. Hysteresis was confirmed by larger end-inspiratory lung volume (mean ± SD; all PEEP levels included): 8.4 ± 2.8 versus 6.8 ± 2.0 ml (P < 0.001) and dynamic compliance: 0.52 ± 0.12 versus 0.42 ± 0.09 ml/cm H 2 O (P < 0.001) during descending versus ascending PEEP ramps. Apparent diffusion coefficient increased with PEEP, but it was smaller during the descending versus ascending ramps for corresponding levels of PEEP: 0.168 ± 0.019 versus 0.183 ± 0.019 cm 2 /s (P < 0.001). Apparent diffusion coefficient was smaller in the posterior versus anterior lung regions, but the effect of PEEP and hysteresis on apparent diffusion coefficient was greater in the posterior regions. Conclusions: The authors' study results suggest that in healthy lungs, larger lung volumes due to hysteresis are associated with smaller individual airspaces. This may be explained by opening of previously nonaerated peripheral airspaces rather than expansion of those already aerated. Setting PEEP on a descending ramp may minimize distension of individual airspaces.
CRITICAL CARE MEDICINE or decreased. 4 Although hysteresis is considered in terms of overall elasticity, the relationship among altered PEEP, hysteresis, and airway dimensions is not understood. 5 Early morphometric studies in healthy lungs 6, 7 indicated that hysteresis may result from volume-dependent alterations in surfactant 8 or tissue viscoelasticity properties, 9 but other studies reported that individual airspace dimensions were unchanged 10 or decreased 11 despite larger overall lung volume (i.e., alveolar recruitment 12 -the sustained opening of previously collapsed or under-ventilated airspaces). Although recruitment characterizes the response to PEEP in lungs with atelectasis and lung injury, 4 evidence suggests that it contributes to lung expansion in healthy lungs also. 13 Hyperpolarized gas magnetic resonance imaging (HPMRI) provides both in vivo and noninvasive estimates of the dimensional properties of small airspaces 14 and is accomplished by measuring the apparent diffusion coefficient (ADC) of hyperpolarized 3 He gas within the ventilated parenchyma. 15 ADC estimates the dimensions of peripheral airspaces by measuring the space available for diffusion. Using this approach, we previously reported that in the injured 16 and atelectatic lung, 17 the mean dimensions of ventilated airspaces were decreased after recruitment. However, the relationships among altered PEEP, hysteresis, and airspace dimensions are unknown in normal lungs during anesthesia. We hypothesized that hysteresis is associated with smaller ADC despite larger lung volume during descending versus ascending PEEP, due to increased numbers of newly aerated airspaces rather than further expansion of already aerated units.
Materials and Methods
Studies were performed on male Sprague-Dawley rats (n = 15; weighing 400 ± 50 g), after approval by the local Institutional Animal Care and Use Committee (Philadelphia, Pennsylvania). The experimental protocol is described in full detail in Methods, Supplemental Digital Content 1, http:// links.lww.com/ALN/A988. In brief, general anesthesia and paralysis were induced and maintained with intraperitoneal pentobarbital and intravenous pancuronium bromide. The trachea intubated and airway pressure, heart rate, and peripheral oxygen saturation levels were measured. 16, 17 Normothermia was maintained.
Experimental Outline
All rats were ventilated in the supine position with a magnetic resonance imaging-compatible small animal ventilator, 18 with the following initial ventilator settings (V T , 10 ml/kg; PEEP, 0 cm H 2 O; FIO 2 , 0.21; rate 53 min −1 ), which were shown to guarantee normal gas exchange in pilot experiments. To standardize lung volume history, an alveolar recruitment maneuver was performed before the first image acquisition. Ten animals underwent HPMRI to measure the ADC of 3 He during ascending and descending PEEP trials; this was designed to illustrate hysteresis in a lung inflation-deflation cycle. After baseline measurements, PEEP was increased from 0 to 9 cm H 2 O (in 3 cm H 2 O increments) and returned to baseline in the reverse process ( fig. 1 ). To quantify lung volume hysteresis and recruitment, computerized tomography (CT) was performed in place of HPMRI on a separate group of five animals undergoing similar ventilator protocols. In HPMRI rats, each PEEP level was maintained for a 90-s period before ADC measurement (to minimize 3He gas depolarization). For the animals that underwent CT, each PEEP level was maintained for an additional 8 min to permit adequate image acquisition. Peak inspiratory pressure (PIP) and dynamic compliance [C dyn = V T /(PIP − PEEP)] were measured at the end of each PEEP period in all animals. The ADC measurements obtained at PEEP 0 cm H 2 O in five animals of the HPMRI group have been used as ventilated, noninjured group in a previously published experiment. 16 After the last set of measurements, animals were euthanized by lethal pentobarbital injection.
HPMRI
Magnetic resonance imaging was performed using a diffusion-weighted gradient echo pulse sequence, and the ADC acquisition is detailed in Supplemental Digital Content 1, http://links.lww.com/ALN/A988, as previously described. 17 In brief, animals were placed supine in the magnetic resonance imaging scanner and in a radiofrequency coil that was tuned to the 3 He resonance frequency. End-inspiratory images were obtained in a 20-mm thick subcardiac axial slice, following ventilation with a mixture of hyperpolarized 3He and oxygen. 15,17 3 He gas had been previously hyperpolarized to approximately 30% over 14 h. 19 Each ADC acquisition Airspace Dimensions and Lung Hysteresis was obtained during a single breath-hold and consisted of multiple diffusion-weighted images, each corresponding to a different diffusion-sensitizing gradient. Images were analyzed by fitting the time evolution of each pixel signal intensity to a standard equation, to yield maps of regional ADC values. Maps were subdivided in three horizontal bins of equal thickness in the upper to lower direction, to study the vertical distribution of ADC signal. Single-breath 3 He spin density images were also acquired.
CT Imaging
High-resolution, end-inspiration CT scans were acquired using a micro-CT scanner, and they were reconstructed to three-dimensional whole lung maps with 100-µm isotropic resolution. Quantitative analysis of CT density used established methods to quantify end-inspiratory lung gas volume (EILV), 20 atelectasis, and recruitment 21 at different levels of PEEP.
Statistical Analysis
Mean, SD, and skewness of ADC were calculated for each imaged HPMRI slice as previously described. 17 Group mean and SD of all the computed quantities were calculated. Repeated measurements two-way ANOVA was conducted to examine the main effects of changes in PEEP (between 0 and 6 cm H 2 O) in ascending versus descending ramps on tested variables. Post hoc comparisons (paired t tests with Bonferroni correction for multiple comparisons) were conducted to test differences between individual ascending or descending PEEP values. The area under the curve method for serial measurement analysis 22 was used to test (by paired t test) for differences between ascending and descending ramps. P value less than 0.05 (for two-tailed hypothesis) was considered statistically significant. Statistical analysis was performed using "R" (R Foundation for Statistical Computing, Vienna, Austria § §) applications developed in the authors' laboratory.
Results
Ascending PEEP ramps were associated with increasing PIP ( fig. 2A ) and decreasing C dyn ( fig. 2B ). PIP was significantly lower-and C dyn higher-during descending versus ascending PEEP (P < 0.001). PIP and C dyn values in response to PEEP were comparable in the CT and HPMRI experiments. Apparent diffusion coefficient maps and frequency distributions were obtained from a representative animal during PEEP trials ( fig. 3 ). ADC increased with ascending PEEP and decreased with descending PEEP; however, the ADC values during descending PEEP were lower than on the ascending PEEP ramp. The variation of the mean ± SD for the ADC values is plotted ( fig. 4A ), as a function of both ascending and descending PEEP ramps (and in fig. 4B as a function of PIP). Repeated measures two-way ANOVA confirmed that the effects of both the type of PEEP ramp (descending vs. ascending) and of changing PEEP level on ADC were significant (P < 0.001). A PEEP increase from 0 to 6 cm H 2 O resulted in an increase of 15.8% in mean ADC ( fig. 4A ; P < 0.001). However, further increase in PEEP from 6 to 9 cm H 2 O resulted in a small decrease in mean ADC (3.6%; P < 0.01), as well as signal attenuation 
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Quantitative analysis of CT density (table 1, see Supplemental Digital Content 2, http://links.lww.com/ALN/ A989) demonstrated a small amount (<0.5% of total lung weight) of nonaerated lung tissue, suggesting that recruitment before imaging minimized atelectasis. However, a quota of poorly aerated tissue was observed at PEEP 0 cm H 2 O (less at PEEP 9 cm H 2 O) and is consistent with recruitment of poorly aerated airspaces. Hyperinflated tissue was quantitatively small and detected only at PEEP 9 cm H 2 O. CT also demonstrated a vertical distribution of densities (increasing upper to lower), with a larger response to PEEP in the lower regions ( fig. 1 , see Supplemental Digital Content 3, http://links.lww.com/ALN/A990).
Discussion
In this study of diffusion HPMRI in healthy anesthetized animals, larger lung volumes corresponding to pulmonary hysteresis were associated with smaller aerated airspaces, especially in dependent lung. We 16, 17 and others 23 previously observed decreased airspace dimensions after recruitment in atelectatic 17 and injured 16, 23 lungs. The current data advance previous findings and suggest that hysteresis in the healthy lung reflects opening of previously nonaerated airspaces rather than further expansion of those already aerated. We used ADC because it permits noninvasive, serial quantification of airspace geometry in vivo, has advantages over standard morphometric approaches (i.e., tissue handling, restricted visualization), 24, 25 and is in good agreement with established morphometric measures. 15, 26 The current study protocol resulted in hysteresis by the sequential increase and decrease in airway pressure ( fig. 1 ); under these conditions, hysteresis appeared to be associated with de novo aeration rather than further expansion of already aerated airspaces. In fact, the lower ADC during descending PEEP ramps indicates smaller airspaces in the descending versus the ascending ramp ( fig. 4, A and B) .
The study puts local airspace volume (from ADC) and overall lung volume (EILV, from CT scan) into perspective: the airspace hysteresis is in the opposite direction to that of the EILV (fig. 7, A and B) . Indeed, plot of the fractional changes from baseline of ADC versus EILV ( fig. 8 ) demonstrates smaller individual airspaces and larger global lung Although these data contrast with morphometric studies reporting alveolar dilatation associated with lung inflation and hysteresis, 6, 7 they are supported by aerosol deposition studies indicating greater numbers of smaller alveoli in descending versus ascending limbs of an inflation-deflation cycle. 11 In addition, the current data indicate decreased dispersion and increased skewness (i.e., favoring smaller values) of the frequency distribution of ADC ( fig. 4, C and D) ; such data are more consistent with opening of smaller (not further expansion of already ventilated) airspaces. 17, 27 We observed a vertical distribution of ADC ( fig. 5A ), which likely reflects the known vertical gradients of lung aeration associated with gravity and compressive factors. 28 Thus, airspace expansion by PEEP ( fig. 5B ) was more evident in the lower regions. Poor dependent aeration may also explain why the effect of hysteresis on ADC and airspace reopening was more prominent in lower lung.
The current study differs from our previous study of ADC 16, 17 in that the lungs were uninjured, recruitment maneuvers were performed, and supplemental oxygen was avoided. Although frank atelectasis was present in previous studies, 16, 17 the degree of atelectasis in the current study was minimal based on qualitative ( fig. 6B ) and quantitative CT (table 1, Supplemental Digital Content 2, http:// links.lww.com/ALN/A989). Thus the precise nature of the subsequently recruited airspaces is unclear, but the data suggest hypoventilated units and microatelectasis. 29 Although alveolar dimensions in healthy rats range between 40 and 100 µm, 7 deaerated alveoli occupy considerable less space, 30 and when sparsely distributed, they are below the 100 µm resolution of our CT ( fig. 1 , see also Supplemental Digital Content 4, http://links.lww.com/ALN/A991). Furthermore, recruitment may be integral to normal inflation, as suggested by 3 He lung morphometry (discriminates alveolar vs. alveolar duct dimensions at varying lung volume) 31 and intravital microscopy. 13 We observed a biphasic response of ADC to increasing PEEP ( fig. 4A ). These findings are similar to those reported using ex vivo laser scanning confocal microscopy during inflation of healthy mouse lungs, 32 where mean alveolar size increased up to a threshold airway pressure (25 cm H 2 O) and thereafter decreased. Although this could represent redistribution of gas from previously inflated to newly open units, 11, 23, 27 it could be due to opening of smaller alveoli. 32 Recruitment is consistent with reduced compliance associated with increasing PEEP (fig. 2B ), which may reflect regional lung tissue compression 33 or progressive tissue stiffening due to increased airway pressure (demonstrated by magnetic resonance imaging). 34 Tissue stretch may not be countered by an increased number of open airspaces, and thereby result in lower overall lung compliance.
The current data may have implications for development of ventilator-associated lung injury, which is a major concern in patients with injured lungs 2 and is a potential risk in 
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ventilated surgical patients without overtly injured lungs. 35 Although multiple studies indicate that PEEP can attenuate experimental lung injury, 36, 37 the clinical impact has been far less 3 ; thus, further insights into potential mechanisms of protection by PEEP are key. The current findings that recruitment and PEEP decrease airspace distension, coupled with recent indications that lung recruitment in anesthetized patients may improve postoperative lung function, 38 may together suggest that techniques enabling titration of recruitment (or PEEP) against airspace micromechanics may ultimately help to translate the experimental benefits of PEEP into clinical practice. In the interim, setting PEEP on a descending ramp after recruitment-shown to optimize gas exchange and lung aeration in healthy lungs 39 -may be a reasonable choice for lung protection during surgical anesthesia.
There are limitations to extrapolation of the current work. First, there are important limitations to extrapolation in terms of lung size and thoracic compliance. Mechanical ventilation, particularly at 0 cm H 2 O PEEP, does not correspond to the state of inflation of healthy, spontaneously breathing subjects. However, the experimental setup was comparable with those in similar experimental models that have provided important insights, 36, 37, 40, 41 and such ventilator settings are required to ensure adequate gas exchange. Although not recommended, survey data indicate that comparable ventilator settings (i.e., high V T , 0 cm H 2 O PEEP) continue to be used in anesthetized patients. 42 Second, the relationship among ADC, hysteresis, and altered PEEP may be altered by the onset of more significant atelectasis, in case of prolonged monotonous ventilation with low PEEP; 40 however, atelectasis would likely augment ADC hysteresis-the use of a recruitment maneuver aimed to mitigate any such augmentation of ADC. 17 Furthermore, the findings reflect similar investigations in injured and atelectatic lungs, 16, 17 as well as alternative models assessed by traditional morphometry. 10, 43 Technical issues are important in this work. For example, ADC cannot distinguish between alveoli and alveolar ducts. 31 The different image acquisition times may have affected the comparison between ADC versus EILV, as PEEP was maintained for shorter interval during HPMRI than during CT-necessary to limit signal loss from 3 He repolarization. Nonetheless, any impact of these different time-frames would likely be minimal in the current model because of the absence of injury and stable airspaces, as well as previous experience in healthy rats 17 indicating stability of ADC during such a timescale. In addition, the similar values of PIP and C dyn in the two groups further confirm comparable conditions. Finally, the anesthesia used was intraperitoneal pentobarbital, and it is unknown whether a different anesthetic (i.e., inhaled) would have different effects. We believe that this is unlikely as there are minimal effects of anesthetic type on intrinsic lung mechanics (except, perhaps in bronchospasm), whereas propensity to progressive atelectasis seems to be more determined by the impact on respiratory muscle tone activity than by choice of anesthetic. 44 Our results suggest that in healthy lungs, larger lung volumes due to hysteresis are associated with smaller individual airspace dimensions. This may be explained by opening of previously nonaerated peripheral airspaces rather than expansion of those already aerated. Setting PEEP on a descending ramp minimizes distension of individual airspaces and may potentially attenuate propensity to lung injury. * ¶ Fig. 7 . Group averages and SD for (A) end-inspiratory lung volume (EILV) versus positive end-expiratory pressure (PEEP); (B) EILV versus peak inspiratory pressure (PIP). Values obtained during both ascending and descending PEEP ramps are displayed with solid and dashed lines, respectively. Twoway ANOVA for changing PEEP: *P < 0.001; for type of ramp (ascending vs. descending): ¶P < 0.001. Paired t test for PEEP 0 versus 9 cm H 2 O: ‡P < 0.001. The area under the curve subtended by EILV was larger in the descending than in the ascending PEEP ramp (P < 0.01). Fig. 8 . Relative values of apparent diffusion coefficient (ADC*) and end-inspiratory lung volume (EILV*) expressed as a fraction of their baseline values at positive end-expiratory pressure (PEEP) 0 cm H 2 O (ascending ramp) and plotted versus each other at each level of ascending and descending PEEP. EILV and ADC were obtained in different groups of animals at matching experimental conditions. Error bars indicate SD for ADC (vertical bars) and for EILV (horizontal bars).
